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Introduction {#sec001}
============

Alzheimer's disease (AD) is a progressive neurodegenerative disorder and the most common form of dementia \[[@pone.0235979.ref001]\] characterized by senile plaque (SP), which is the extracellular deposit of amyloidβ(Aβ)aggregates \[[@pone.0235979.ref002]\],and neurofibrillary tangle, which is the intracellular accumulation of phosphorylated tau protein \[[@pone.0235979.ref003]\]. Although highly ordered linear Aβaggregates, known as amyloid fibrils \[[@pone.0235979.ref004], [@pone.0235979.ref005]\], are the major component of SP and one of the hallmark features of AD, soluble oligomers of aggregates are regarded as more cytotoxic \[[@pone.0235979.ref006]\]. The therapeutic use of peptide inhibitors of pathological aggregation has been proposed for the treatment of AD \[[@pone.0235979.ref007], [@pone.0235979.ref008]\]. Synthetic peptides from α-crystallin have been extensively examined for inhibiting pathological aggregation, as fragments of this protein are unlikely to induce an immune response \[[@pone.0235979.ref009]--[@pone.0235979.ref011]\]. α-Crystallin, a member of the small heat shock superfamily of proteins, can prevent protein aggregation \[[@pone.0235979.ref009], [@pone.0235979.ref012]--[@pone.0235979.ref016]\]. The α-crystallin protein consists of two closely related subunits, A and B (20 kDa each), and displays a β-sheet rich structure \[[@pone.0235979.ref017]\]. Synthetic peptides of α-crystallin corresponding to the substrate binding regions of the A and B subunits also inhibit aggregation of various proteins, including citrate synthase, alcohol dehydrogenase, and insulin \[[@pone.0235979.ref018]--[@pone.0235979.ref027]\]. In 2004, Santhosh kumar reported pioneering research indicating the possibility of a peptide derived from the substrate binding site of the A subunit of α-crystallin, DFVIFLDVKHFSPEDLTVK, as a drug against AD. The authors showed that the peptides inhibit fibril formation of Aβ peptides and suppress the toxicity of Aβin rat pheochromocytoma (PC12) \[[@pone.0235979.ref019]\]. Subsequently, the same research group reported that the cell-penetrating peptide-fused type peptides (DFVIFLDVKHFSPEDLTVK, CPP-fused αAC peptides) also prevented Aβ fibril formation and suppress Aβ toxicity \[[@pone.0235979.ref023]\].

We previously established that a peptide of the substrate binding site of the α-crystallin A subunit, comprising amino acid residues 71--88 (αAC(71--88), FVIFLDVKHFSPEDLTVK),forms a β-sheet rich nanofiber (αAC nanofiber) with the negatively charged surface \[[@pone.0235979.ref028], [@pone.0235979.ref029]\]. The activity of αAC(71--88) to suppress protein aggregation is enhanced by nanofiber formation, because a hydrophobic environment is generated on the nanofiber surface that traps the small protein aggregates. Thus, the αAC nanofibers could be a candidate substance for the treatment of AD. However, while the aggregation of Aβ (1--40) was suppressed by the αAC nanofiber, that of the fragment comprising the three-repeats of a microtubule-binding domain (3RMBD) of tau protein was promoted; this is remarkably unfavorable for developing the therapeutic peptide nanofibers for the treatment of AD because both proteins are AD-related \[[@pone.0235979.ref029]\]. The apparent surface charge of substrate proteins is the key factor determining whether protein aggregation is suppressed or facilitated by αAC nanofiber \[[@pone.0235979.ref029]\]; the negatively charged αAC nanofibers act as an inhibitor of the aggregation of anionic proteins, including Aβ (1--40) (pI = 5.5),whereas they facilitate the aggregation of cationic proteins, including 3BMBD of tau (pI = 9.6) \[[@pone.0235979.ref030], [@pone.0235979.ref031]\]. Thus, when targeting the aggregation of Aβ and tau, charged nanofibers are problematic as they can suppress the aggregation of one protein, while promoting the aggregation of the other. Therefore, we hypothesized that charge neutralization of the nanofiber surface could be the solution to this issue.

In the present study, we developed a unique nanofiber type peptide drug from the fragments of α-crystallin for the treatment of AD. We designed an electrostatically neutralαAC nanofiber, composed of αAC(71--88) and its cationic variant that are fused with a protein transduction domain from *Drosophila* Antennapedia (Antp; RQIKIWFQNRRMKWKK) ([Fig 1A](#pone.0235979.g001){ref-type="fig"}). Antp is a peptide sequence that enhances cellular transduction, even of very large particles \[[@pone.0235979.ref032]\], and thereby facilitates the delivery of intravenously-injected therapeutic peptides into the brain across the blood-brain barrier (BBB) \[[@pone.0235979.ref033]\]. Moreover, recent research reported that the delivery efficiency of proteins into the brain were enhanced by intranasal coadministration of Antp peptides \[[@pone.0235979.ref034]\]. These findings suggest that the introduction of Antp sequences into nanofibers allows them to reach the brain via both administration routes.

![Structure of the αAC nanofiber.\
(a) Schematic illustration of the neutral AC nanofibers composed of αAC(71--88) peptide and αAC(71--88)Antp peptide. The hydrophilic segments would be outside of the nanofiber core. The proposal structures of the neutral αAC nanofibers are based on our previous work, which reported the structural analysis of the peptide nanofibers formed from amphiphilic peptides similar to the αAC(71--88)Antp peptides. (b) TEM image of the nanofibers prepared by incubation of αAC(71--88)Antp obtained by incubation of 1 mg/ml peptide in 5 mM phosphate pH 7.5, 100 mM NaCl with 10% HFIP at 60°Cfor 24 hr. (c) TEM image of the nanofibers prepared by incubation of a solution containing αAC(71--88) and αAC(71--88)Antp (molar ratio; 4:1). The scale bars represent 1 μm. The nanofiber solutions were centrifuged and the resulting pellet was resuspended in 5 mM phosphate buffer containing 100 mM NaCl (pH 7.5). Finally, the solution was dialyzed against the same buffer to completely remove HFIP.](pone.0235979.g001){#pone.0235979.g001}

Results {#sec002}
=======

Properties of αAC(71--88)Antp nanofiber {#sec003}
---------------------------------------

At first,we examined nanofiber formation of a cationic variant of αAC(71--88) that was fused to a protein transduction domain from *Drosophila* Antennapedia i.e., αAC(71--88)Antp (FVIFLDVKHFSPEDLTVKRQIKIWFQNRRMKWKK). The nanofiber shown in [Fig 1B](#pone.0235979.g001){ref-type="fig"} was obtained by incubation of a 1 mg/ml solution of peptide in 5 mM phosphate (pH 7.5), 100 mM NaCl and 10% hexafluoro isopropanol(HFIP) at 60°C. Far-UV CD spectra indicated that the α-helix rich conformation of αAC(71--88)Antp changed to a β-sheet rich profile (S1 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}) upon nanofiber formation, indicating that its structure is similar to that of the amyloid fibril. The zeta potential value of the αAC(71--88)Antp nanofiber was ca. + 40 mV, suggesting the presence of a positively charged surface. The fluorescence emission of 1-anilino-8-naphthalene sulfonate (ANS) bound to the αAC(71--88)Antp nanofiber exhibited a concomitant blue shift of its maximum fluorescence emission with increased fluorescence intensity (S2 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}). Therefore, the surface of the αAC(71--88)Antp nanofiber comprises a highly hydrophobic environment, which is suitable for substrate binding.

Next, the effect of theαAC(71--88)Antp nanofiber on the aggregation of Alzheimer pathogenic proteins was studied. The time trace of thioflavinT (ThT) fluorescence intensity showed that amyloid fibril formation of 100 μg/ml Aβ(1--42) was accelerated in the presence of 100 μg/ml αAC(71--88)Antp nanofiber (blue plot in [Fig 2A](#pone.0235979.g002){ref-type="fig"}), whereas αAC(71--88)Antp nanofiber itself had little effect on the ThT fluorescence at this concentration. (blue triangle plot in S3 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}) These results suggest that the major effect of the positively chargedαAC(71--88)Antp nanofiber is to accelerate the aggregation of anionic Aβ(1--42).

![The effect of the nanofibers made up of derivatives of αAC(71--88) on the aggregation of the pathological proteins of Alzheimer's disease was monitored by analyzing ThT fluorescence.\
(a)Time course of ThT fluorescence intensity of 10μg/ml Aβ (1--42) solutions incubated at 37°C. Black plot, Aβ (1--42) alone; blue plot, + 100 μg/ml of the αAC(71--88)Antp nanofiber; red plot, + 30 μ/g/ml of the neutral αAC nanofiber; cross plot, + 15μg/ml of the neutral αAC nanofiber. Each measurement was repeated three times. The plots are the averaged value (mean ± SD). (b) Time course of ThT fluorescence intensity of 2.2 mg/ml 3RMBD solutions incubated at 37°C. Black plot, 3RMBD alone; red plot, + 11 μg/ml of αAC(71--88) nanofiber; blue plot, + 44 μg/ml of the αAC(71--88)Antp nanofiber; cross plot, + 13 μg/ml of the neutral αAC nanofiber. Each measurement was repeated three times. The plots are the averaged value (mean ± SD). The concentration of ThT was 20 μM.](pone.0235979.g002){#pone.0235979.g002}

The time trace monitoring ThT fluorescence intensity shows that the aggregation of 2.2 mg/ml 3RMBD exhibits a slow and gradual increase in the presence of the negatively charged αAC(71--88) nanofiber (red plot in [Fig 2B](#pone.0235979.g002){ref-type="fig"}). By contrast, αAC(71--88)Antp nanofiber did not significantly stimulate the growth in aggregation of 3RMBD (blue plot in [Fig 2B](#pone.0235979.g002){ref-type="fig"}). These observations indicate that the positively charged nanofiber ofαAC(71--88)Antp only promotes the aggregation of negatively charged Aβ(1--42).

Neutral αAC nanofiber prevents the aggregation of amyloid β {#sec004}
-----------------------------------------------------------

In order to suppress aggregation of Aβ (1--42) without promoting that of 3RMBD of tau, we designed an electrostatically neutralized αAC nanofiber. The αAC nanofibers composed of αAC(71--88) and αAC(71--88)Antp were prepared by the heat treatment of a solution mixtu e of these peptides at various molar ratios (αAC(71--88): αAC(71--88)Antp = 10:1, 4:1 and 2:1). TEM analysis showed that regular nanofibers were formed from these solution mixtures ([Fig 1C](#pone.0235979.g001){ref-type="fig"}). The average surface charge of the αAC nanofibers prepared from a 4:1 (αAC(71--88): αAC(71--88)Antp) solution mixture was close to zero (S4 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}).

We examined the effect of the neutral αAC nanofiber on amyloid fibril formation of Aβ and 3RMBD of tau by ThT assay. We confirmed that no ThT molecules bind to the neutral αAC nanofibers themselves in the concentration range less than 30 μg/ml (red plot in S3 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}). The time trace of ThT fluorescence intensity showed that amyloid fibril formation of 100 μg/ml Aβ(1--42) was suppressed by the neutral αAC nanofiber in the concentration range less than 30 μg/ml (red plots and cross plots in [Fig 2A](#pone.0235979.g002){ref-type="fig"}), in contrast that αAC(71--88)Antp promoted the Aβ(1--42) aggregation. A higher concentration of the neutral αAC nanofiber promoted Aβ(1--42) aggregation, probably because of self-association of the nanofiber itself. On the other hand, the neutral αAC nanofiber did not promote the aggregation of 3RMBD at the nanofiber concentration of 13 μg/mL(cross plot in [Fig 2B](#pone.0235979.g002){ref-type="fig"}).

We have proposed that the αAC nanofiber exhibits chaperone-like activity by trapping small protein aggregates on the nanofiber surface \[[@pone.0235979.ref029]\]. To monitor the binding of Aβ and tau protein on the neutral αAC nanofiber surface, we employed total internal reflection fluorescence microscopy (TIRFM), which can visualize the fluorescence image of the amyloid on a cover glass \[[@pone.0235979.ref035]\]. [Fig 3A](#pone.0235979.g003){ref-type="fig"} shows a TIRFM image of neutral αAC nanofibers on a cover glass probed with ThT excited by light at 457 nm. These results demonstrate that micrometer scale length fibrillar structures can be successfully observed by this methodology. The interaction between Aβ and the neutral αAC nanofiber was monitored using Hilyte Fluor^TM^488 labeled Aβ(1--42) excited by light at 488 nm. The TIRFM images of fluorescence-labeled Aβ(1--42) incubated with the neutral αAC nanofiber were similar to those stained by ThT ([Fig 3B](#pone.0235979.g003){ref-type="fig"}). When the neutral αAC nanofibers were observed in the absence of any fluorescence molecules by excitation at 457 nm or 488 nm, no images were obtained, showing that there was no autofluorescence under these con itions. Because ThT fluorescence probes were not used in the experiment (upper panel of [Fig 3B](#pone.0235979.g003){ref-type="fig"}), the observed fluorescence signals must be derived from Hilyte Fluor^TM^488 labeled Aβ(1--42). On the other hand, no nanofiber structures were observed in the TIRF images of fluorescence-labeled Aβ(1--42) without the neutral αAC nanofibers (lower panel of [Fig 3B](#pone.0235979.g003){ref-type="fig"}). Overall, these results suggest that Aβ(1--42) is attached to the neutral αAC nanofiber. The same result was obtained for the TIRFM image of the neutral αAC nanofiber probed by the fluorescent labeled 3RMBD ([Fig 3C](#pone.0235979.g003){ref-type="fig"}). These results demonstrate that the neutral αAC nanofiber suppresses the aggregation of Aβ and 3RMBD of tau by trapping them on their surface.

![TIRFM analysis of protein binding to the neutral αAC nanofiber.\
(a) TIRFM image of the αAC nanofibers stained with 10 μM ThT excited by 457 nm light from an Ar^+^ laser. (b) TIRFM image of 100 nMHilyteFluor^TM^488 labeled Aβ (1--42) incubated with (upper panel) and without (lower panel) αAC nanofiber. Samples were excited by light at 488 nm from an Ar^+^ laser. (c) TIRFM image of 2 μM fluorescein labeled 3RMBD incubated with (upper panel) and without (lower panel) neutral αAC nanofiber. Samples were excited by light at 488 nm from an Ar^+^ laser. The concentration of the neutral αAC nanofiber in these figures was 60 μg/ml (peptide concentration; 23 μM). The exposure time was 200 ms in all experiments. The experiments were carried out repeatedly, and the reproducibility was confirmed. Each scale bar represents 10 μm.](pone.0235979.g003){#pone.0235979.g003}

The interaction between Aβ (1--42) and the neutral αAC nanofiber was studied using a quartz crystal microbalan ce (QCM). The neutral αAC nanofiber was covalently immobilized onto a carboxylic acid terminated self-assembled monolayer prepared on the sensor chip. The amount of immobilized nanofiber was calculated to be 155 ng/cm^2^. The stock of Aβ(1--42) was diluted into a solution, and the time courses of Δ*F* upon addition of Aβ(1--42)solution were monitored ([Fig 4A](#pone.0235979.g004){ref-type="fig"}). While the change in Δ*F* was substantial at a Aβ(1--42) concentration of 4 μg/ml, a remarkable frequency decrease was monitored after the injection of higher concentrations of Aβ(1--42), which indicates its extensive binding to the neutral αAC nanofiber. The time course of the Δ*F* change is not exponential, indicating that this is not a simple binding mechanism. Presumably, aggregation of Aβ(1--42) and its binding to the neutral αAC nanofiber occur simultaneously in solution. The mass of Aβ(1--42) bound on the neutral αAC nanofiber at the different concentrations of Aβ(1--42) was estimated from each plateau value of Δ*F*. As shown in [Fig 4B](#pone.0235979.g004){ref-type="fig"}, the maximum mass of Aβ(1--42) bound on the neutral αAC nanofiber sensor chip was estimated to be \>11 μg/cm^2^, which is much greater than the amount of neutral αAC nanofiber (155 ng/cm^2^). Therefore, a given quantity of the neutral αAC nanofiber can bind much larger amounts of Aβ(1--42), suggesting the multilayered adsorption of aggregates.

![QCM analysis of protein binding to the neutral αAC nanofiber.\
(a) Time course of frequency changes (Δ*F*) of 27 MHz QCM responding to a binding of Aβ(1--42) to the neutral αAC nanofiber in the reaction vessel at 37°C with stirring. The nanofiber was immobilized on the sensor chip covered by carboxyl acid terminated self-assembled monolayers. (b) QCM analysis of the binding of Aβ(1--42) to immobilized neutral αAC nanofiber. Binding isotherm of Aβ(1--42) on the immobilized neutral αAC nanofiber. The amount of Aβ(1--42)bound to the neutral αAC nanofiber (Δ*m*) was calculated from Δ*F* monitored by a 27 MHz QCM at 37°C with stirring.](pone.0235979.g004){#pone.0235979.g004}

The formation of a rigid nanofiber of αAC peptides is expected to reduce the susceptibility of the peptide to enzymatic degradation and assist in increasing the stability of the peptide *in vivo*. We used trypsin to examine the effect of nanofiber formation on the proteolytic digestion of αAC peptide, because trypsin has substrate specificity and mainly cleaves peptide bonds at the carboxyl sides of lysine and arginine residues, which allows for the analysis of fragmentation induced by enzymatic hydrolysis. [Fig 5A](#pone.0235979.g005){ref-type="fig"} shows the location of the cleaved peptide bonds after proteolytic digestion of the αAC peptides as determined from the molecular weight of the peptide fragments analyzed by MALDI TOF-MASS (S5 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}). The same pattern of fragmentation was produced by trypsin digestion of the neutral αAC nanofiber, except for four fragments of αAC(71--88)Antp (colored red in [Fig 5A](#pone.0235979.g005){ref-type="fig"}). The apparent rate of proteolysis of αAC peptide and the neutral αAC nanofiber was determined by GPC analysis of the trypsin treated samples ([Fig 5B](#pone.0235979.g005){ref-type="fig"}). The time course of the single cleavage of αAC(71--88) indicates that ca. 90% of the sample was digested after 24 h proteolysis ([Fig 5C](#pone.0235979.g005){ref-type="fig"}). By contrast, only ca. 20% of αAC(71--88)composing the neutral αAC nanofiber of was digested under the same experimental conditions. Similar results were obtained for the Antp sequence of αAC(71--88)Antp, which indicated ([Fig 5D](#pone.0235979.g005){ref-type="fig"}) that formation of nanofibers reduced the susceptibility of the peptide to proteolysis.

![Proteolytic digestion of αAC peptide and the neutral αAC with trypsin.\
(a) Arrows indicate the location of the cleaved peptide bond after treatment with trypsin as determined by mass analysis of the peptide fragments. Except for the fragments colored in red, the same digestion products were detected in the MASS spectrum of neutral αAC nanofiber after treatment with trypsin. The protease trypsin mainly cleaves peptide bonds to the carboxyl side of lysine and arginine residues (highlighted in red). The FVIFL sequence, a core region of the nanofiber structure, is colored in blue. (b) Gel permeation chromatogram of αAC peptides treated with trypsin. The elution peak of the fragments of αAC(71--88) and αAC(71--88)Antp were detected by monitoring the absorbance at 220 nm. The same GPC profiles were found for the trypsin treated neutral αAC nanofibers except for the intact peptides, which were present in the form of nanofibers and were removed by centrifugation. (c) Time course for the proteolysis of αAC(71--88) and neutral αAC nanofiber. The degree of single cleavage of αAC(71--88) was determined by monitoring the intensity of the GPC peak for FVIFLDVK normalized against the intensity of the peak corresponding to intact peptide. (d) Time course for the proteolysis of αAC(71--88)Antp and neutral αAC nanofiber. The relative degree of proteolysis was estimated by analyzing the GPC peak intensity of the fragments of IWFQNRR (lower panel of Fig 5B).](pone.0235979.g005){#pone.0235979.g005}

*In vivo* function of the neutral αAC nanofibers of short length {#sec005}
----------------------------------------------------------------

We tested whether the nanofiber can be delivered efficiently into mouse brain *via* two administration pathways, intravenous or intranasal administration \[[@pone.0235979.ref033], [@pone.0235979.ref036]\]. At first, we investigated the distribution of the fluorescent-labeled neutral αAC nanofibers in the brain after intravenous administration of the nanofiber. However, only a small fraction of the nanofibers was delivered to the brain. We believe that the length of neutral αAC nanofibers affected their efficient delivery to the brain. Then, the neutral αAC nanofiber with a shorter length, which would be suitable for delivery into the brain parenchyma, was prepared by a modified preparation procedure using low temperature conditions. The nanofibers were prepared from a solution mixture of different molar ratios of peptides (αAC(71--88): αAC(71--88)Antp = 4:1, 2:1, 1:1 and 1:2) by the freeze-thaw method. Electrostatically neutralized αAC nanofibers with a length of less than 100 nm were successfully prepared from a 2:1 solution (S6 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}).

A 100 μl aliquot of fluorescently-labeled neutral αAC nanofiber (600 μg/ml) was intravenously injected into mice and their brains were collected 30 min after injection. The collection time was determined, based on the literature reporting pharmacokinetic analysis of proteins co-administered with cell-penetrating peptides via the intranasal pathway \[[@pone.0235979.ref034]\]. [Fig 6A--6D](#pone.0235979.g006){ref-type="fig"} show confocal microscopic images of the CA3 and dentate gyrus of the hippocampus, respectively. These images indicate that the fluorescence of nanofiber (green) is detected at the pyramidal cells and granule cells after the intravenous administration. There are some cells where the nanofibers were located in the nucleus of neurons stained with 4'6-diamidino-2-phenylidiole (blue). Images recorded under the same condition show no fluorescence signals without the administration of the neutral αAC nanofiber. ([Fig 6C--6F](#pone.0235979.g006){ref-type="fig"}). In addition, when the neutral αAC nanofibers were administered via intranasal pathway, successful delivery into the hippocampus also was observed ([Fig 6B--6E](#pone.0235979.g006){ref-type="fig"}).

![Confocal microscopic images showing the presence pf prominent fluorescence at the cornu ammonis (CA3) (A-C, A'-C') and dentate gyrus (DG) (D-F, D'-F') of mouse hippocampus after intravenous (i. v.) and intranasal (i. n.) administration of fluorescein-labeledαAC nanofibers. The αAC nanofibers are colored green. The nuclei of neurons stained with 4\',6-diamidino-2-phenylindole (DAPI) are colored blue. Arrowheads indicate that the nanofibers are incorporated into cells. All experiments were performed at least three times. Scale bar represents 10 μm.](pone.0235979.g006){#pone.0235979.g006}

The effectiveness of the short length neutral αAC nanofibers to treatment AD was evaluated by analyzing the suppression of the cytotoxicity of Aβ (1--42) using PC12 cells as a model. The viability of PC12 cells in the presence of various concentrations of neutral αAC nanofiber was monitored by the lactate dehydrogenase (LDH) assay. First, the cytotoxicity of the neutral αAC nanofibers to PC12 cells was investigated. The nanofibers did not exhibit detrimental effects on cells during co-incubation for 24 h at concentrations below 0.15 mg/mL (S7 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}). [Fig 7](#pone.0235979.g007){ref-type="fig"} shows the cell viability of PC12 cells after 24 h incubation with 5 μg/ml (ca. 1 μM) Aβ (1--42). In the absence of neutralαAC nanofiber, the incubation of Aβ (1--42) with PC12 cells resulted in ca. 35% cell death over the same time period. In the presence of the neutral αAC nanofiber, viability of PC12 cells was increased as the concentration of the neutral αAC nanofiber increased from 3 ng/ml to 3 μg/ml (peptide concentration; ca. 1 nM---1 μM). Indeed, the cytotoxicity of 5 μg/ml Aβ (1--42) was almost completely suppressed in the presence of more than 30 ng/ml (peptide concentration; ca. 10 nM) of the neutralαAC nanofiber.

![Ability of the neutral αAC nanofibers to protect PC12 cells from the cytotoxicity of Aβ(1--42).\
Cells were treated with 5 μg/ml (1 μM) Aβ(1--42) for 24 h before determining their viability using the lactate dehydrogenase method. Red bar, cell viability in the absence of the neutral αAC nanofiber; grey bars, cell viability in the presence of 0.3 ng/ml---3 μg/ml (peptide concentration; ca. 0.1 nM -1 μM) of αAC nanofiber; white bar, cell viability in the absence of αAC nanofiber and Aβ(1--42). The results are expressed as percentages of the control value (mean +- SD). \*, p \< 0.01 by Dunnett\'s test when compared with cell viability in the absence of the neutral αAC nanofiber.](pone.0235979.g007){#pone.0235979.g007}

Effect of the short length neutral αAC nanofiber treatment on transgenic AD model mice {#sec006}
--------------------------------------------------------------------------------------

Next, we examined the beneficial effects of the short length neutral αAC nanofiber on cognitive deficits using APPswe/PS1dE9 transgenic mice \[[@pone.0235979.ref037]\]. We mainly focused on the efficacy of the intranasal injected-nanofibers, because intranasal administration is non-invasive treatment, which is advantageous in practical \[[@pone.0235979.ref038],[@pone.0235979.ref039]\].

The neutral αAC nanofiber was intranasally administered to 3-month-old female APPswe/PS1dE9 transgenic mice. During the treatment, the spatial working memory of the mice was evaluated using the Y-maze test ([Fig 8A and 8B](#pone.0235979.g008){ref-type="fig"}). At the start of treatment, the percentage of spontaneous alternations in each group was about 60% (59.8 ± 1.9% in the control group, 59.8 ± 1.7% in the neutral αAC nanofiber-treated group). In the control group, the percentage of spontaneous alternations reduced with age to 46.2 ± 4.6% in the 13th week of treatment. In contrast, in the nanofiber-treated group, the percentages of spontaneous alternations remained the same as at the start of treatment (61.4 ± 2.7%). There was a significant difference between these groups ([Fig 8A](#pone.0235979.g008){ref-type="fig"}). There was no significant difference in the total arm entry between the groups ([Fig 8B](#pone.0235979.g008){ref-type="fig"}). The average weight of each group during the treatment is shown in [Fig 8C](#pone.0235979.g008){ref-type="fig"}. Although some weight loss was observed in the nanofiber-treated group, there was no significant difference between the groups. In addition, no abnormalities were observed due to the nanofiber. These results suggest that neutral αAC nanofiber is very safe.

![Beneficial effects of αAC nanofiber on cognitive dysfunction in APPswe/PS1dE9 transgenic AD model mice.\
(a) Percentage of spontaneous alternation behavior in the Y-maze test. \*\**P* = 0.005, two-way analysis of variance (ANOVA). The neutral αAC nanofibers were intranasal administered to female mice at ca. 1.5 mg/kg twice weekly for 8 weeks. The open and closed circle plots indicate the vehicle (n = 13) and neutral αAC nanofiber group (n = 13), respectively. (b) The change in total number of arm entry in the Y-maze test. (c) The change in body weight of the AD model mice. (d) Escape latency in the Morris water maze test. \*\**P* = 0.007, two-way ANOVA. Mean ± SEM, n = 13. (e) Swimming speed of the AD model mice in the Morris water maze test.](pone.0235979.g008){#pone.0235979.g008}

Furthermore, the spatial learning of the mice was assessed using the Morris water maze test at the 13th week of treatment ([Fig 8D and 8E](#pone.0235979.g008){ref-type="fig"}) \[[@pone.0235979.ref040]\]. In the control group, the escape latency did not alter during the trial (83.9 ± 3.2 s on the fifth day). In contrast, in the neutral αAC nanofiber-treated group, the escape latency decreased (71.7 ± 6.5 s on the fifth day) and there was a significant difference between these groups ([Fig 8D](#pone.0235979.g008){ref-type="fig"}). There was a tendency for increased swimming speed in the treatment group; however, no significant differences were observed ([Fig 8E](#pone.0235979.g008){ref-type="fig"}). These results clearly show that intranasal injected- nanofiber improved the cognitive function of an Alzheimer transgenic mouse model.

The amount of Aβ in the brain after nanofiber treatment was measured using ELISA ([Fig 9A, 9B and 9C](#pone.0235979.g009){ref-type="fig"}). The average level of insoluble Aβ(1--42) decreased of 21% in the neutral αAC nanofiber-treated group and that of insoluble Aβ(1--40) decreased of 10% in the neutral αAC nanofiber-treated group, but resulted in no significant difference. Similarly, the amounts of soluble Aβ(1--42) and Aβ(1--40) were not significantly different between the groups. However, the ratio of insoluble/soluble Aβ(1--40) was significantly different between the groups.

![The amount of insoluble and soluble Aβ in the brains of APPswe/PS1dE9 transgenic mice.\
Mean ± SEM, n = 13. \**P* = 0.014, Dunnett\'s test. (a) Aβ(1--42), (b) Aβ(1--40), (c) the ratio of soluble / insoluble Aβ(1--40).](pone.0235979.g009){#pone.0235979.g009}

In addition, we obtained the preliminary findings that intravenously injected-nanofibers also improve the performance of APPswe/PS1dE9 transgenic mice. NeutralαAC nanofiber was given intravenously over an 8 week period to 5-month old mice. As shown in S8 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}, the percentage of spontaneous alternation behavior at the eighth week was 76.0 ± 1.0% for the treatment group and only 53.0 ± 7.0% for the vehicle group. The difference between these two groups is sufficiently significant (p = 0.04). After the treatment, brain sections of mice were prepared and Aβ plaques were immune stained with anti-Aβ antibody 6E10 (S9 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}). There was a tendency for decreased area (S9a Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}) and abundance of Aβ plaques (S9b Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}) in the neutralαAC nanofiber-treated group, compared with the vehicle group. Interestingly, the average size of Aβ plaques tended to increase in the treatment group (S9c Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}). These results supported the notion that neutral AC nanofibers localized in brain exhibits preferable efficacy on cognitive deficits.

Discussion {#sec007}
==========

In this study, we developed electrostatically neutral αAC nanofibers for AD treatment. The design concept is based on our previous findings, which are described below. We found that the nanofibers comprising αAC(71--88) peptides can inhibit the aggregation of alcohol dehydrogenase. In contrast, other studies showed that the protein aggregation was facilitated by the peptide nanofibers \[[@pone.0235979.ref041],[@pone.0235979.ref042]\]. To explain this discrepancy, the previous study investigated the effect of peptide nanofibers on the aggregation of various proteins. We showed that the apparent surface charge of the nanofiber is the key factor determining the suppression or promotion of protein aggregation \[[@pone.0235979.ref029]\]. When the surface charge of nanofibers is equivalent to that of substrate proteins, binding of the proteins to the nanofiber surface, possibly via hydrophobic interactions, induces reduction in the concentration of free proteins, suppressing the aggregation of the substrate proteins. Conversely, when the surface charge of nanofibers is opposite to that of substrate proteins, binding of the proteins to the nanofiber surface via electrostatic interactions leads to the cancelation of the surface charge, promoting an irreversible aggregation of the substrate protein. This is a disadvantage of using the peptide nanofibers for AD-treatment, because not only the aggregation of Aβ proteins, but also that of tau proteins should be targeted: the charged nanofibers suppress the aggregation of one protein, but promote that of the other because Aβ molecules (pI = 5.5) and 3RMBD of tau (pI = 9.6) \[[@pone.0235979.ref030], [@pone.0235979.ref031]\] have opposite net charges at neutral pH. In fact, our previous study indicated that the aggregation of the anionic Aβ (1--40) was suppressed by the negatively charged nanofiber of αAC(71--88), while that of the cationic fragment of 3RMBD of tau protein was promoted. Thus, we believe that neutralization can solve this charge dilemma. In the present study, the electrostatically neutral αAC nanofibers were prepared by optimizing the mixing ratio of the anionic αAC(71--88) peptides and the cationic variants αAC(71--88)Antp peptides ([Fig 1C](#pone.0235979.g001){ref-type="fig"}; S4 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}). [Fig 1A](#pone.0235979.g001){ref-type="fig"} shows proposed structures of the neutral peptide nanofibers, estimated on the basis of our previous studies \[[@pone.0235979.ref043], [@pone.0235979.ref044]\].

The neutralαAC nanofibers administered to the mouse, either via the intranasal pathway or the intravenous pathway, was confirmed to be distributed in the brain 30 min after administration ([Fig 6](#pone.0235979.g006){ref-type="fig"}). Antp sequence may enhance the uptake of nanofibers by nasal epithelial cells (neuronal or supporting cells), facilitating the transport of the nanofibers to the brain \[[@pone.0235979.ref034]\]. The intravenously injected-nanofibers may be delivered into the brain via mechanisms proposed for the cationic cell penetration peptides, such as direct penetration through the membrane \[[@pone.0235979.ref045]\] or adsorptive-mediated transcytosis \[[@pone.0235979.ref046]\]. Alternatively, the amphiphilic nature of the peptide nanofiber could potentially promote its transport across the BBB \[[@pone.0235979.ref047]\]. Our results indicate that the neutral αAC nanofibers were incorporated into the hippocampus, indicating that the nanofibers could penetrate the BBB and be successfully delivered into brain parenchymal cells. In addition, the susceptibility of the αAC(71--88) and αAC(71--88)Antp peptides to enzymatic hydrolysis was reduced by nanofiber formation ([Fig 5](#pone.0235979.g005){ref-type="fig"}). This property contributes to the stability of the neutralαAC nanofibers *in vivo*.

The neutral αAC nanofibers suppressed aggregation of Aβ (1--42), without promoting the aggregation of 3RMBDof tau ([Fig 2](#pone.0235979.g002){ref-type="fig"}) and cytotoxicity of Aβ (1--42) against PC12 cells ([Fig 7](#pone.0235979.g007){ref-type="fig"}). Several brain-permeable low molecular weight compounds that suppress the aggregation of amyloidβ have been proposed as therapeutic drugs for AD \[[@pone.0235979.ref048]--[@pone.0235979.ref055]\]; unfortunately, the affinity of these compounds for Aβ tends to be low. For example, \>100 nM of curcumin is required to inhibit the cytotoxicity of 100 nM of Aβ (1--42) \[[@pone.0235979.ref049]\]. By contrast, our data shows that a much lower concentration of nanofiber (peptide molar concentration of ca. 10 nM) can inhibit the cytotoxicity of ca. 1 μM Aβ (1--42) ([Fig 7](#pone.0235979.g007){ref-type="fig"}). TIRF images of the neutral αAC nanofibers co-incubated with fluorescence-labeled Aβ (1--42) revealed that the Aβ (1--42) molecules adsorb on the surface of the neutralαAC nanofibers ([Fig 3](#pone.0235979.g003){ref-type="fig"}). In addition, the adsorption of Aβ (1--42) was quantitively shown by QCM study, indicating that the neutral αAC nanofiber can bind a much greater amount of Aβ (1--42) than itself ([Fig 4](#pone.0235979.g004){ref-type="fig"}). Thus, the neutral αAC nanofiber appears to trap large quantities of Aβ (1--42) aggregate, thereby suppressing its aggregation and cytotoxicity. We propose that a large hydrophobic surface present on the nanofiber can trap Aβ (1--42) more efficiently than low molecular weight compounds.

The cognitive functions of AD-model mouse were improved by either intranasal or intravenous administration of the neutral αAC nanofibers ([Fig 8](#pone.0235979.g008){ref-type="fig"}; S8 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}). Other studies have demonstrated the ability of peptide nanofibers to effectively treat various diseases \[[@pone.0235979.ref009], [@pone.0235979.ref010], [@pone.0235979.ref056]--[@pone.0235979.ref058]\]. A peptide nanofiber with the IKVAV sequence, the neuroactive pentapeptide epitope from laminin, displays therapeutic effects in a transgenic mouse model of AD by direct injection into the hippocampus \[[@pone.0235979.ref056]\]. However, the direct injection of peptide nanofiber into the brain of patients with AD is impractical. Importantly, we were able to demonstrate that even intranasally delivered neutral αAC nanofibers improve the cognitive function of an Alzheimer transgenic mouse model. Given that intranasal delivery offers a painless and convenient method of self-administration by patients, we believe our neutral αAC nanofibers will be useful for the practical treatment of AD in the near future.

However, the mechanism on the cognitive function improvement of AD-model mouse by nanofiber treatment has been debatable. Intranasal administration of nanofibers resulted in a negligible decrease in the amount of Aβ(1--40) and Aβ(1--42), soluble or insoluble, in the brain ([Fig 9](#pone.0235979.g009){ref-type="fig"}). However, the ratio of insoluble/soluble Aβ(1--40) in the nanofiber-treated group was slightly reduced compared to that in the control group, suggesting that Aβ aggregation is inhibited in neutra αAC nanofiber-treated mice, rather than Aβ production or clearance. This is one possible reason for the improvement of cognitive function by nanofiber treatment. However, because the difference in the ratio between groups was less pronounced, other possibilities cannot be rejected. Recently, soluble oligomers of Aβ aggregates are regarded as the main cause of neurotoxicity \[[@pone.0235979.ref006]\]. Nanofibers trap oligomer species of Aβand prevent them from interacting with nerve cells, causing harm; this is a possible role of nanofibers in the improvement of AD-mouse cognitive function. Moreover, the observation of immunostained brain sections revealed that the size of Aβ plaques in the brain of the mice treated with nanofibers was larger than those of the control group, indicating that the morphology of Aβ plaque was influenced by nanofibers. (S9 Fig in [S1 File](#pone.0235979.s001){ref-type="supplementary-material"}). In previous studies, some kinds of flavone, kaempferol-3-O-rhamnoside and taiwniaflavone, directly bound to the unfolded Aβ molecules and promoted formation of nontoxic structures, which were significantly different from Aβ fibril structures formed in the absence of the compounds \[[@pone.0235979.ref059], [@pone.0235979.ref060]\]. Similarly, the neutral αAC nanofibers possibly affect the assembly of Aβ molecules to produce less toxic aggregates, leading to the recovery of the AD-mouse cognitive function. This should be further explored in future investigations. In addition. to clarify the mechanism, investigation of pathological states of brain, by immunostaining of inflammation markers is also an important future study to consider.

In the present study, we proposed a novel design concept of nanofibers for AD-treatment. Our results from *in vitro* experiments imply that the charge neutralization is beneficial for preventing the aggregation of Aβ without promoting the aggregation of 3RMBD of tau and to suppress Aβ cytotoxicity against PC12 cells. Behavior tests using AD-model mice also shows that the administration of neutral αAC nanofibers can improve their cognitive function, although the mechanism is unknown. However, whether the nanofiber design is optimal for *in vivo* application or not has yet to be clarified, because the surface charge of the nanofibers may change by binding the biomolecules *in vivo*. To verify the design concept, the effect of nanofiber charge on their ability to improve the cognitive function of AD-model mice using negatively or positively charged nanofibersshould be investigated.

Conclusions {#sec008}
===========

In conclusion, we have prepared an electrostatically neutral αAC nanofiber from a solution of αAC(71--88) and αAC(71--88)Antp. The neutral αAC nanofiber suppressed the aggregation of Aβ by trapping the proteins on the nanofiber surface. The short length nanofibers prepared by the freeze-thaw procedure were brain-permeable, and improved the cognitive function of an Alzheimer transgenic mouse model. Therefore, the neutral αAC nanofiber is expected to be a promising therapeutic peptide nanofiber for the treatment of AD.

Materials and methods {#sec009}
=====================

Peptides and proteins {#sec010}
---------------------

Aβ (1--42) were obtained from Peptide Institute (Osaka, Japan) and HilyteFluor^TM^488 labeled Aβ (1--42) was purchased from ANASPEC (Fremont, CA). Other peptides used in this study were synthesized by Gene script (Piscataway, NJ). Peptides were purified by reverse phase HPLC using a C18 column with a water-acetonitrile gradient. The expression vector for three-repeat microtubule-binding domain (3RMBD) of human brain tau protein was kindly provided by Prof. T. Ishida (Osaka University of Pharmaceutical Science) \[[@pone.0235979.ref030]\]. Gene expression and purification of His-tagged 3RMBD were performed as described previously \[[@pone.0235979.ref061]\], except that 8 M urea was included in the lysis buffer. In brief, 3RMBD overexpressed in *E*. *coli* was first purified using Ni-NTA resin. In this process, 8 M urea was gradually removed from the buffer. The dimeric protein, which is a building block of fibrillar aggregates \[[@pone.0235979.ref031]\], was separated by gel filtration on a Superdex 75 column and used for the aggregation study. Unless stated otherwise, 50 mM sodium phosphate (pH 7.5) with 100 mM NaCl was used as the solvent for all subsequent experiments.

Fluorescent labeling of peptides and proteins {#sec011}
---------------------------------------------

Fluorescein labeled AC(71--88) was prepared by modification of FVIFLDVKHFSPEDLTVKC (αAC(71--88)Cys) with 5\'-iodoacetamidofluorescein (5-IAF). 100 μM αAC(71--88)Cys and 100 μM 5-IAF was incubated in an aqueous solution adjusted to pH 7.5, and unreacted 5-IAF was eliminated using a Centri spin column (Princeton Separations, Adelphia, NJ). The desired modification was confirmed by mass spectrometry (ESI-TOF-MASS using a Bruker Daltonics microTOF~LC~; Bruker Daltonics, Billerica, MA). Fluorescein labeled 3RMBD was prepared by modification of the N-terminus of the peptide with fluorescein isothiocyanate (FITC). 120 μM 3RMBD and 2.4 mM FITC was incubated in aqueous solution adjusted to pH 8.0, and unreacted FITC was subsequently removed using a NAP10 column.

Preparation of the peptide nanofiber {#sec012}
------------------------------------

The αAC peptides were dissolved in 5 mM phosphate, 100 mM NaCl, pH 7.5, 10% HFIP, and the solution was incubated at 60°C for 24 h to prepare the αAC nanofibers. For the freeze-thaw procedure, the solution was incubated in liquid nitrogen for 1 min. The solution was then centrifuged at 10,000 *g* for 15 min to separate the free peptide. The fluorescence-labeled peptide nanofibers were prepared as below. Non-fluorescence labeled αAC(71--88) peptide and αAC(71--88)Antp peptide were dissolved in 5 mM phosphate, and 100 mM NaCl, pH 7.5, at concentrations of 162 μM and 90 μM, respectively. Fluorescein labeled αAC(71--88) peptides were dissolved in HFIP at a concentration of 180 μM. The two solutions were then mixed at a volume ratio 10: 1 (the former: the later). The mixed solution was incubated in liquid nitrogen for 1 min, and then centrifuged at 10,000 *g* for 15 min.

CD spectroscopy {#sec013}
---------------

The peptide secondary structure was monitored by CD spectroscopic measurements using a Jasco J-720 instrument (Jasco Corp., Tokyo, Japan). An optical cell with a 1 mm pathlength was used. Far-UV spectra of a 200 μg/ml peptide solution were measured at a scan speed of 20 nm/min at 25°C. 50 mM sodium phosphate (pH 7.5) with 100 mM NaCl was used as the solvent.

Transmission Electron Microscopy (TEM) {#sec014}
--------------------------------------

TEM images of the αAC nanofibers were acquired with a JEM-1200EX II instrument (JEOL, Tokyo, Japan) using an acceleration voltage of 85 keV. The samples were negatively stained with 1.5--2.0% phosphotungstate adjusted to pH 7.5 using sodium hydroxide.

Fluorescence measurements {#sec015}
-------------------------

Fluorescence spectra of ANS were obtained using a Shimadzu RF2000 spectrofluorimeter (Shimadzu, Tokyo, Japan). Amyloid fibril formation of Aβ (1--42) (100 μg/ml) was monitored by measuring the fluorescence intensity of 20 μM thioflavinT (ThT) in 50 mM phosphate pH 7.5 100 mM NaCl. The fluorescence measurements were carried out using a Genios plate reader (TECAN, Männedorf, Switzerland) with an excitation wavelength of 450 nm and emission wavelength of 485 nm in a polystyrene 96-microwell plate. The measurements were performed in triplicate. The lyophilized sample of Aβ (1--42) was first dissolved in 0.1% ammonia solution to prepare the stock solution. The stock solution of Aβ (1--42) was centrifuged at 53,000 rpm (\> 100,000 *g*) using a Himac CS120GX ultracentrifuge (Hitachi Koki Co., Ltd, Tokyo, Japan) to eliminate the preformed aggregates, and diluted into the buffer. Fibril formation of 300 μg/ml tau 3RMBD was also monitored under the same conditions.

Electrophoretic mobility measurements {#sec016}
-------------------------------------

The electrophoretic mobility of the αAC nanofiber was measured by laser microscopy using a Model 502 microscope (Nihon Rufut Co, Ltd., Tokyo, Japan) at 25°C. The motion of individual amyloid fibrils was visualized using light scattering images generated from a He-Ne laser (630 nm). Digital images of particles in motion captured with a CCD camera were transferred to a PC in order to calculate their electrophoretic mobility. The zeta potential was calculated using the Smoluchowski equation: $$\mu_{e} = \frac{\varepsilon\zeta}{\eta}$$ where μ~e~ is the electrophoretic mobility, ε is the dielectric constant, ζ is the zeta potential and η is the viscosity.

Total Internal Reflection Fluorescence Microscopy (TIRFM) {#sec017}
---------------------------------------------------------

αAC nanofibers, Hilyte Fluor^TM^488 labeled Aβ (1--42) and fluorescein labeled 3RMBD on a cover glass were visualized using total internal reflection fluorescence microscopy (TE2000-TIRF2; Nikon, Tokyo, Japan). An Ar^+^ laser (IMA1010 40ALS; CVI Melles Griot, Albuquerque, NM) was used for excitation (ThT; 457 nm, Hilyte Fluor^TM^488 and FITC; 488 nm). The cover glass was treated with a UV ozone cleaner (model UV253E; Filgen Inc., Nagoya, Japan). The fluorescence emission was collected using an oil-immersion microscope objective (1.49 NA, 100 x, CF1 Apo TIRF; Nikon). Fluorescent images were filtered with a band-pass filter (for ThT, D490/20 m; Chroma Technology, Bellows Falls, VT; for FITC, GFP(R)-Band Pass 510--560 nm; Nikon) and visualized with an electron multiplier CCD camera (ImagEM C9100-13; Hamamatsu Photonics, Shizuoka, Japan).

Quartz-crystal microbalance (QCM) {#sec018}
---------------------------------

AFFINIX Q4 was used as a 27 MHz QCM instrument (Initium Co. Ltd, Tokyo, Japan: [http://www.initium2000.com](http://www.initium2000.com/)) having four 500 μL cells equipped with a QCM plate (8.7 mm diameter quartz plate; 4.9 mm^2^ gold electrode) at the bottom of each cell, a stirring bar and a temperature control system. The instrument was calibrated with a change frequency of 1 Hz in response to a mass change of 0.62 ng/cm^2^ on the electrode (i.e., corresponding to 1 Hz frequency decrease per 30 pg mass increase).

The αAC nanofiber was immobilized on the sensor chip using an immobilization kit coupling for AFFINIX (Initium Co. Ltd., Tokyo, Japan). The amino group of the peptide nanofiber was covalently linked to the carboxylic acid terminus of self-assembled monolayers prepared on the sensor chip by (3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC)-*N*-hydroxysuccinimide (NHS) activation. The amount of immobilized neutral αAC nanofiber on the sensor chip was 155 ng/cm^2^. The stock solution Aβ (1--42) was diluted into buffer (50 mM phosphate pH 7.5, 100 mM NaCl) in the reaction vessel at 37°C with stirring. Binding of Aβ (1--42) to the αAC nanofiber was monitored by measuring the frequency change (Δ*F*, Hz) obtained according to the manufacture\'s protocol using the Sauerbrey equation: $$\Delta F = - \frac{2{F_{0}}^{2}}{A\sqrt{\rho_{q}\mu_{q}}}\Delta m$$ where *F*~0~ is the fundamental frequency of the QCM (27 x 10^6^ Hz), Δ*m* is the mass change (g), *A* is the electrode area (4.9 mm^2^), ρ~q~ is the density of quartz (2.65 g cm^-3^), and μ ~q~ is the shear modulus of quartz (2.95 x 10^11^ dyn cm^-2^).

Atomic force microscopy (AFM) {#sec019}
-----------------------------

A 20 μl aliquot of a 20-fold diluted αAC nanofiber solution was deposited onto freshly cleaved mica and dried immediately using a stream of nitrogen gas. The samples were imaged with a Nanoscope IIIa (Veeco Instruments, Santa Barbara, CA) in tapping mode, and the cantilever was set vibrating in the z direction at a resonance frequency of 290 kHz. The images were taken in air under ambient conditions using silicon tips.

Proteolytic degradation {#sec020}
-----------------------

The αAC peptides or the neutralαAC nanofiber (200 μM) were incubated with trypsin (12 μM, type XIII from bovine pancreas) in 5 mM phosphate buffer containing 100 mM NaCl (pH 7.5) at 37°C. The molecular mass of the digested peptides were analyzed with MALDI-TOF mass spectroscopy using a BrukerAutoflex Speed instrument. The proteolyzed sample of αAC nanofibers was centrifuged (10,000*g* for 5 min) to separate the peptide fragments from the nanofibers. The apparent rate of proteolysis of αAC(71--88) was estimated from gel permeation chromatography analysis using a Superdex^TM^peptide 10/300 GL column (GE Healthcare, Piscataway, NJ). Water including 30% acetonitrile and 0.1% TFA was used as the elution solvent.

Cytotoxicity assay {#sec021}
------------------

The Aβ(1--42) sample for the cytotoxicity test was prepared as follow;\[[@pone.0235979.ref062]\] Aβ(1--42) was dissolved in HFIP at 1 mg/ml. The solution was lyophilized to yield the powder. The obtained powder was dissolved in pure water and the solution was sonicated for 15 min. The aqueous solution was provided for the cytotoxicity assay. Rat PC12 cells (10,000 cells per well) was purchased from the RIKEN BRC (Tsukuba, Japan). were plated on collagen I-coated dishes in DMEM medium containing 5% heat-inactivated horse serum and 5% heat-inactivated fetal bovine serum and then incubated in a humidified 5% CO~2~ atmosphere at 37°C. The cytotoxicity induced by exposure to 5 μg/ml (ca. 1 μM) Aβ(1--42) was studied using PC12 cells. A sample of neutral αAC nanofibers (0.3 ng---3 μg /ml) was added to the culture after replacement of the medium with serum-free DMEM before treating the cells with Aβ(1--42). After 24 hour incubation, a LDH release assay was performed to evaluate the chaperone-like activity of the neutral αAC nanofiber against the cell cytotoxicity of Aβ(1--42). A commercial assay kit for LDH activity (Wako Pure Chemical Industries, Ltd. Osaka, Japan) was used. Assays were carried out by measuring the absorption at 560 nm using a Multiskan JX instrument (Thermo Labsystems, Helsinki, Finland). All measurements were performed in quadruplicate. The viability of cells treated with 0.5% Triton X-100 was assumed to be 0%. Control samples containing only the neutral αAC nanofiber in the same concentration range showed no detectable cytotoxicity. The results of the cell viability assays were analyzed by Dunnett\'s test. The software GraphPad Prism was used to perform these statistical analyses, and p \< 0.05 was considered significant.

Fluorescence confocal microscopy of mouse brain {#sec022}
-----------------------------------------------

Adult C57BL/6J mice of 10-14-weeks of age were used in the present study. The animals were housed two per cage in a colony room with a 12 h light (6:00--18:00) /12 h dark (18:00--6:00) cycle and given *ad libitum* access to commercial chow and tap water. Mice received a single intravenous administration of fluorescein-labeled αAC nanofiber (100 μl aliquot of 600 μg/ml) and were then anesthetized with urethane 30 min later. The nucleus of the neurons was stained with DAPI. The fluorescence observations were performed using a laser-scanning confocal microscope (LSM510; Carl Zeiss AG, Oberkochen, Germany). All experimental protocols were performed in accordance with the National Institute of Health Guidelines and animal research of the Neuroscience Society of Japan to minimize the number of animals used and their suffering and the study was approved by the Animal Ethics Committee of Kyoto Institute of Technology. After deep anesthesia with urethane, mice were perfused with PBS (pH 7.4) containing 5 U/ml heparin followed by 4% PFA in PBS (pH 7.4). Brain blocks containing the hippocampus were cryoprotected by 30% sucrose in PBS (pH 7.4) and quickly frozen in Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan). The sections were obtained by coronal cut on a cryostat (Leica, Wetzlar, Germany) at a thickness of 30 μm. The coverslips were sealed with mounting medium (Vectashield; Vector Laboratories, Burlingame, CA). Confocal images (1,024 x 1,024 pixels) were saved as TIF files by employing Zeiss LSM510 Image-Browser software or Olympus FV10-ASW Ver 1.7 Viewer for Windows and arranged using Photoshop 7.0.

αAC nanofiber treatment to APPswe/PS1dE9 transgenic mice {#sec023}
--------------------------------------------------------

APPswe/PS1dE9 Tg mice were obtained from Jackson Laboratory (Bar Harbor, ME) and maintained by crossing Tg mice with B6C3F1 mice. The genotyping for the Tg mice was performed using the PCR method recommended by the Jackson Laboratory. Female Tg mice were selected and used for this study. For intranasal administration test, the solution of αAC nanofiber (6 μl aliquot of 580 μg/ml in PBS (pH 7.4)) was injected twice weekly for 16 weeks (3--7 months of age; *n* = 13). For intravenous administration test, the solution of αAC nanofiber (150 μl aliquot of 820 μg/ml in PBS (pH 7.4)) was injected twice weekly for 8 weeks (5--7 months of age; *n* = 4). At the end of the study, mice were euthanized under anesthesia by the intraperitoneal administration of sodium pentobarbital. The animals were housed four or five per cage in a colony room with a 12 h light (8:00--20:00) /12 h dark (20:00--8:00) cycle and given *ad libitum* access to commercial chow and tap water. All experimental procedures involving mice and their care were conducted in accordance with the ethical guidelines of the Kyoto University Animal Experimentation Committee and the guidelines of the Japanese Pharmacological Society(Approval number: 110025).

Y-maze test {#sec024}
-----------

Spatial memory of the micegiventhe intranasal administration was evaluated according to the Y-maze test. The measurement at the start of the αAC nanofiber treatment, and then 4 and 8 weeks after treatment. Each mouse was placed at one arm of the Y-maze, which has three arms of 30 cm in length with equal angles between all arms (Bio Research Center, Nagoya, Japan). The mice were allowed to move freely within the maze for 8 minutes, and the sequence and the number of arm entries were recorded. A spontaneous alternation behavior, which is used as a measure of spatial memory, was defined as entry into all three arms on consecutive choices. The percentage of spontaneous alternation behavior was calculated as follows; the number of spontaneous alternations/ (the number of total arm entries--2) ×100.

Morris water maze test {#sec025}
----------------------

The spatial learning and memory of the mice given the intranasal administration was evaluated at the 16^th^ week of treatment using a Morris water maze according to the traditional method \[[@pone.0235979.ref040]\]. The Morris water maze, consisting of a circular pool 120 cm in diameter, was filled with water containing 1% skim milk to a depth of 20 cm. A circular platform (12 cm diameter) was placed in the pool. The temperature of the water was kept at 25 ± 2°C. All mice were trained with two trials per day for 5 days consecutively. In each trial, the mice were allowed to swim until they reached the platform or for up to 90 s. If they reached the platform within 90 s, they stayed on it for 10 s. If they could not reach the platform within 90 s, they were moved to the platform and stayed on it for 15 s. On the first day, the platform was placed 2 cm above the surface of the water (visible platform test). From the second to the seventh days, the platform was placed 2 cm below the surface of the water (hidden platform test). The mice swimming in the pool were tracked using a video tracking and analysis system (ACTIMAZE; Actimetrics, Wilmette, IL, USA), and their escape latencies (the time taken to reach the platform) were automatically recorded. The daily latency of each mouse was obtained from the average latencies of the two trials undertaken each day. After each trial, the mice were dried with paper towels before they were returned to the breeding cage.

Protein extraction from the brain tissue {#sec026}
----------------------------------------

At the end of treatment, all animals were sacrificed under deep anesthesia with 100-mg/kg sodium pentobarbital (Kyoritsu Seiyaku Corp., Tokyo, Japan) administered intraperitoneally, and the whole brains were removed and used for biochemical or histochemical analysis. These experimental procedures were conducted in accordance with the ethics guidelines of the Kyoto University Animal Experimentation Committee and the guidelines of the Japanese Pharmacological Society. All efforts were made to minimize suffering. For biochemical analysis, the brain tissue was homogenized in five volumes (w/v) of extraction buffer containing 50 mM Tris-HCl (pH 7.5), 5 mM ethylenediaminetetraacetic acid (Nippon Gene, Tokyo, Japan), 1 mM ethylene glycol tetraacetic acid (NacalaiTesque, Inc.), 1% NP-40 (Sigma-Aldrich Corp.), 0.25% deoxycholic acid sodium salt (Sigma-Aldrich Corp.), 0.1 M NaCl, 0.5 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich Corp.), 1 × PhosSTOP (Roche, Basel, Switzerland), and 1% protease inhibitor cocktail (NacalaiTesque, Inc.). The homogenate was centrifuged at 100,000 × g at 4°C for 20 min. The supernatant was collected as a soluble fraction. The pellet was sonicated in 70% formic acid (Wako Pure Chemical Industries, Ltd.), neutralized with 20 volumes of 0.9 M Tris buffer (pH 11.0), and used as an insoluble fraction.

Enzyme-linked immunosorbent assay for amyloid β {#sec027}
-----------------------------------------------

Aβ(1--42) and Aβ (1--40) levels in the brains were measured using an Aβ Enzyme-linked immunosorbent Assay for amyloid-β (ELISA) Kit (Wako Pure Chemical Industries, Inc.) and a microplate reader (Model 680; Bio-Rad Laboratories, Inc.) according to the manufacture's protocol. The insoluble fractions were diluted 1,000-fold with the dilution buffer provided in the kit. The soluble fractions were diluted 20-fold with the buffer.

Immunohistochemistry for amyloid β {#sec028}
----------------------------------

The brains of mice given the intravenous administration were fixed in 4% paraformaldehyde phosphate buffer solution (Wako Pure Chemical). The fixed tissues were dehydrated with ethanol (Wako Pure Chemical) for 24 h, transferred into xylene (10 min three times), and embedded in paraffin (30 min three times at 60°C). The paraffin-embedded tissue blocks were cut into 4-μm thick sections with a sliding microtome (Nippon Optical Works Co., Ltd., Tokyo, Japan) and extended on Matsunami-Adhesive Silane-coated micro slide glasses (Matsunami Glass Industry, Ltd., Osaka, Japan) at 60°C for 24 h. The sections were deparaffinized with xylene and ethanol (100%, 90%, and 70%). After washing twice in water, 70% formic acid solution was dispensed on to the sections, and they were incubated at room temperature for 5 min. The sections were washed with water (5 min, three times) and 0.2% Tween 20 in PBS (10 min), and then stained with anti-Aβ antibody 6E10 (1:100 dilution; Covance Inc., Princeton, NJ, USA) using a M. O. M.TM Immuno detection Peroxidase Kit (Vector Laboratories Inc., Burlingame, CA, USA), according to the manufacture's protocol. As a chromogen, 3,3'-diaminobenzidine (Wako Pure Chemical) at a concentration of 0.5 mg/ml in PBS with 0.005% hydrogen peroxide was used. After staining, the sections were washed with water, dehydrated with ethanol (70%, 90%, and 100%) and xylene, and then mounted with mounting medium (Daido Sangyo Co., Ltd., Tokyo, Japan). The sections were observed with a microscope BZ-8100 (Keyence Corp., Osaka, Japan). Aβ plaques in each section were detected using ImageJ software (National Institutes of Health, Bethesda, MD, USA).The number of Aβ plaques in the total section area, the ratio of Aβ plaque area to the whole section area and the average size of Aβ plaque of each section were calculated.

Data analysis {#sec029}
-------------

Data derived from the ELISA was analyzed using Dunnett's multiple comparison tests. Data derived from the Y-maze and Morris water-maze tests were analyzed using two-way analysis of variance (ANOVA) and the post-hoc Bonferroni test. The software GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA) was used for these analyses, and P \< 0.05 was considered statistically significant.
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